Modern ray-finned fishes (Actinopterygii) comprise half of extant vertebrate species and are widely thought to have originated before or near the end of the Middle Devonian epoch (around 385 million years ago) 1-4 . Polypterids (bichirs and ropefish) represent the earliest-diverging lineage of living actinopterygians, with almost all Palaeozoic taxa interpreted as more closely related to other extant actinopterygians than to polypterids [5] [6] [7] [8] [9] [10] . By contrast, the earliest material assigned to the polypterid lineage is mid-Cretaceous in age (around 100 million years old)
. These new dates are broadly consistent with our revised palaeontological timescale and coincident with an interval of conspicuous morphological and taxonomic diversification among ray-fins centred on the Devonian-Carboniferous boundary [12] [13] [14] . A shifting timescale, combined with ambiguity in the relationships of late Palaeozoic actinopterygians, highlights this part of the fossil record as a major frontier in understanding the evolutionary assembly of modern vertebrate diversity.
The roughly dozen living species of polypterids have long vexed vertebrate biologists 15 . These freshwater, African endemics were reco gnized as rayfinned fishes only in the early 20th century 16, 17 , although this view was resisted by some until the 1970s 18 . Anatomical and mole cular data now support the placement of polypterids as the living sister group of all other extant actinopterygians [1] [2] [3] [4] [5] [6] [7] 9, 19 . Morphological analyses generally resolve polypterids as one of the earliestdiverging rayfinned lineages, with only the Middle-Late Devonian Cheirolepis consistently falling on the actinopterygian stem [5] [6] [7] 9, 20 . Despite their apparently ancient evolutionary origins and perceived status as 'living fossils' 15 , polypterids have a meagre palaeontological record consisting largely of fragments 10, 11 . The oldest polypterids are midCretaceous in age 21 , postdating the predicted origin of the lineage by at least 285 million years (Myr), and show few differences from modern species 17, 22, 23 , which originated in the Miocene epoch (around 20 million years ago (Ma) 15 ). The lack of specializations found in early representatives of other living rayfin groups suggests an ancient origin for polypterids, but several of these absences concern distinctive aspects of polypterid morphology that do not closely resemble the anatomy of the oldest rayfinned fishes 10, 15 . Fossils have played an important role in establishing relationships among living actinopterygian lineages 16, 19 , so the lack of early polypterids leaves a gap in our understanding of the evolutionary history of this group and of vertebrates more generally.
Scanilepiformes is a widespread group of Triassic 'palaeoniscoid' fishes known from continental or marginal marine deposits in Sweden, Russia, China, Kyrgyzstan and the United States. Links between sca nilepiforms and polypterids have been made on the basis of morpho logical similarity, referencing a mix of ancestral (for example, large gular plates) and derived, but homoplastic (for example, longbased dorsal fin), characters 24, 25 . However, past cladistic analyses have resolved sca nilepiforms as actinopterans, specifically stemgroup neopterygians 9, 26 , rejecting a close phylogenetic relationship with polypterids.
Most scanilepiform fossils are heavily compressed, limiting investi gations to their external anatomy. The Middle Triassic Fukangichthys represents an important exception (Fig. 1, Extended Data Figs 1-3 ). Highresolution microcomputed tomography (μ CT) of threedi mensionally preserved skulls illuminates the internal cranial anatomy of scanilepiforms. The troughshaped interorbital walls, which do not contact at the midline ( Fig. 1c and Extended Data Fig. 1c) , are separated from the weakly ossified otic and occipital regions of the neurocranium (Extended Data Fig. 1a) . The optic foramen is ventrally positioned, and the parasphenoid contributes to its lower margin (Fig. 1b, c and Extended Data Fig. 1b, c) . The parasphenoid has long but simple ascending processes, a triangular corpus pierced by a hypo physial canal, and no posterior stalk (Fig. 1b, e and Extended Data Fig. 1b, e) . A small median vomer lies anterior to the parasphenoid (Fig. 1e) . Dermal bones on the inner surface of the palate include the accessory vomer, dermetapterygoid, three dermopalatines, entoptery goid, and an ectopterygoid bearing a lateral process that articulates with the inner face of the maxilla (Fig. 1e and Extended Data Figs 1e, 4). Like the maxilla and premaxilla, the dentary bears a single row of peglike teeth. The hookshaped coronoid process is composed exclusively of the prearticular (Fig. 1b and Extended Data Figs 1a, 4e) . A modest opercular process extends from the Lshaped hyomandibula, which is imperforate and not fused to the dermohyal (Fig. 1b and Extended Data Fig. 1b) . Platelike ceratohyals, which bear a groove for the affer ent hyoid artery, flank the four pairs of ceratobranchials and hypo branchials ( Fig. 1d and Extended Data Figs 1d, 5). The epibranchials bear uncinate processes, and multiple basibranchial ossifications may be present (Fig. 1d and Extended Data Figs 1d, 5).
We conducted a revised analysis of actinopterygian interrelation ships based on an expanded morphological dataset 27 (93 taxa, 265 characters), and an analysis of this morphological dataset combined with DNA sequences of 12 nuclear genes. Phylogenies were inferred using both parsimony ( Fig. 2 and Extended Data Figs 6, 7) and Bayesian methods (Extended Data Fig. 8 ). In contrast to some, but not all 28, 29 , previous studies, we have rooted our analyses on a set of nonactinopterygian outgroups, rather than Cheirolepis 6,9,26 or a hypo thetical ancestor 7, 20 . With respect to living actinopterygians alone, we corroborate the placement of chondrosteans and polypterids as letter reSeArCH 2 6 6 | N A t U r e | V O L 5 4 9 | 1 4 s e p t e m b e r 2 0 1 7 successively more remote outgroups to neopterygians [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 26, 28 ( Fig. 2 and Extended Data , although this resolution is lost in phy logenies inferred by Bayesian analysis of morphological data (Extended Data Fig. 8b ). With respect to fossil taxa alone, our results are congruent with previous studies: an early diverging assemblage of Devonian taxa, a grade of 'palaeoniscoid' lineages arising in the later Palaeozoic, and a series of early Mesozoic 'subholostean' taxa branching immediately outside of crown Neopterygii 1, 6, 7, 9, 26 . Where our results differ substantially from the generally accepted pattern of actinopterygian diversification (but see refs 28, 29) is in the intersection of relationships between living and fossil taxa. Polypterids are nested within scanilepiforms, and numerous Devonian-Triassic taxa that were previously interpreted as crown actinopterygians are resolved as stemlineage rayfinned fishes. Consequently, a late Middle or early Late Devonian (around 385-378 Ma)
1,5-7,9 minimum for the actinopterygian crown is not supported (successive nodes excluding Devonian taxa from crown: Bayesian posterior probabilities (BPPs) in morphology analysis: 0.83, 0.69; BPPs in combined analysis: 0.96, 0.83; Bremer decay indices: 2, 2, 4, 2). The crown node is subtended by a polytomy in the Bayesian analyses, creating ambiguity as to a revised minimum age of actinopterygians. However, no resolution is compat ible with a minimum older than Viséan, roughly 45 Myr younger than currently held [1] [2] [3] [4] 30 . The monophyly of polypterids plus scanilepiforms is strongly sup ported (BPP, 0.98-0.92; Bremer decay index, 4) and rests on features distributed throughout the skeleton, including: optic foramen adjacent to dorsal margin of parasphenoid; broad interorbital septum; lateral process of the ectopterygoid 19 ; four ceratobranchials 31 ; loss of fulcra along dorsal ridge of caudal fin; and coronoid process of the lower jaw composed exclusively of the prearticular (Supplementary Information and Supplementary Fig. 1 ).
This revised placement of scanilepiforms indicates that many appar ently primitive features of polypterids are reversals. These include traits that are also absent in other living actinopterygian lineages, but long ). e, j, Upper jaws and palate in ventral view (e, IVPP V4096.6). asc, parasphenoid ascending process; av, accessory vomer; bc, braincase; cb, ceratobranchial; chy, ceratohyal; cor, coronoid process; den, dentary; dmpt, dermetapterygoid; dpal, dermopalatine; ect, ectopterygoid; ent, entopterygoid; hb, hypobranchial; hmd, hyomandibula; ios, interorbital septa; mpt, metapterygoid; mx, maxilla; op, opercular process; proc, ectopterygoid process; psp, parasphenoid; so, suborbitals; vom, median vomer; II, optic foramen. Mouldic portion of lower jaw shaded. Colour coding of skeletal elements: blue, cheek and jaw; purple, skull roof; mauve, braincase and parasphenoid; light blue, hyoid arch; green, operculogular system; turquoise, shoulder girdle; yellow, gill skeleton. Interpretive drawings shown in Extended Data Fig recognized as parallel losses through identification of early fossil mem bers of those groups: fringing fulcra (retained only by gars), a suran gular (retained only by holosteans), a spiracular canal (retained only by chondrosteans and holosteans), and a lateral cranial canal (retained only by chondrosteans and gars). We note that the cranial endocavity of Erpetoichthys bears short lateral diverticula aligned with the posterior semicircular canal, possibly representing a vestigial lateral cranial canal (Extended Data Fig. 9 ). Additional features previously cited as evidence for an especially deep divergence of polypterids within the actinoptery gian phylogeny do not closely match either generalized osteichthyan or derived actinopteran conditions, but in fact are best described as a third, probably autapomorphic, state. This is particularly apparent in the pectoralfin skeleton of polypterids, which is coded identically to that of Cheirolepis in many analyses 6, 7, 9 , but which shows a highly specialized architecture 18 . Revised palaeontological minima for deep actinopterygian divergences could alter the inferred timeline of actinopterygian evolution [1] [2] [3] [4] 10 . To assess the temporal implications of new fossil place ments, we conducted two parallel relaxed molecular clock analyses. We used previously proposed palaeontological constraints 2, 4, 31 , but varied application of actinopterygian calibrations of Palaeozoic and earliest Mesozoic ages. The first analysis employed constraints in line with past interpretations of early actinopterygian phylogeny [1] [2] [3] [4] . Our second analysis excluded these calibrations entirely, relying on wellestablished minima for outgroups and nested rayfin clades to esti mate the timing of early actinopterygian divergences via interpolation. We have not assigned new calibrations to these deep nodes for three reasons. First, a lack of consistent resolution across our trees hinders the identification of specific minima. Second, the phylogenetic leaf stability of Carboniferous-Early Triassic actinopterygians is substan tially lower than that of either stratigraphically earlier or later forms ( Fig. 3 ; although scanilepiforms are relatively stable). When adjusted for taxonomic incompleteness, Early Triassic taxa perform particularly poorly (Fig. 3b) .
The two analyses deliver largely nonoverlapping ages for the actino pterygian crown node (Supplementary Table 1 on temporal grounds, but they lie far within the oldest tail of the pos terior age distribution. By contrast, this molecular age estimate is more consistent with a first palaeontological appearance of crown lineage actinopterygians in the Mississippian, even though these fossils were not used as calibrations in the relaxed molecular clock analyses. The mean age estimates under these two calibration strategies differ by approximately 30 Myr, corresponding roughly to the difference between palaeontological minima for the actinopterygian crown indicated by past studies 2,3 and our own results. Our revised timescale places the origin of modern rayfinned fishes near the Devonian-Carboniferous boundary, after which considerable taxonomic and morphological diversification is apparent in the actinopterygian fossil record 8, 10, [12] [13] [14] . This supports an emerging view of the early Carboniferous as a critical interval for the establishment of key modern vertebrate radiations 13, 14 .
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No statistical methods were used to predetermine sample size. The experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment. X-ray computed microtomography. IVPP V4096.6 and IVPP V4096. 13 A small number of characters and incomplete taxa were excluded from the matrix of ref. 27 . We assessed taxonomic equivalence 34 using Claddis 35 , with no taxa found to be equivalent. Of the ten taxa coded for both morphological and mole cular data in the combined analysis, six are composites of more than one species, with three (two of which are constrained in the outgroup, and one of which is a sarcopterygian) coded from more than one genus, as follows: morphological data: Cladodoides wildungensis, molecular data: Leucoraja erinacea; morphological data: Ozarcus mapesae, molecular data: Callorhinchus milli; morphological data: Miguashaia bureaui, molecular data: Latimeria chalumnae; morphological data: Polypterus bichir, molecular data: Polypterus senegalus; morphological data: Acipenser brevirostrum, molecular data: Acipenser fulvescens; morphological data: Elops hawaiensis, molecular data: Elops saurus; Erpetoichthys calabaricus, Lepisosteus osseus, Hiodon alosoides and Amia calva coded for both morphological and molecular data.
An equally weighted parsimony analysis in PAUP was conducted with 500 ran dom addition sequences, five trees held at each step, maxtrees set to automatically increase, nchuck = 10,000, chuckscore = 1, and TBR enabled. Bootstrap values were calculated in PAUP using 500 replicates of a heuristic search, with five trees held at each step, rearrlimit = 50,000,000, limitperrep = yes, nchuck = 10,000, chucks core = 1. Bremer Decay values were calculated in PAUP.
Bayesian analyses was run under the Mkv model. Each dataset (that is, com bined morphology and molecular and morphology only) was run until the stand ard deviation of split frequencies reached less than 0.01, indicating convergence had been reached, and this was confirmed in Tracer 36 . The first half of each run was discarded as burnin. Leaf stability. Leaf stability was calculated using RogueNaRok 37 , which utilizes trees generated during bootstrapping. Owing to the computational limitations of RogueNaRok, the 2,554,771 bootstrap trees were downsampled: random subsamples of 30 trees were generated using R 38 , with maximum leaf stability then calculated for the subset using the package ape 39 . This process was repeated ten times, with the mean maximum leaf stability plotted using the package geoscale 40 ( Fig. 3a) and standard deviation used as error (Extended Data Fig. 10b ). It may be expected that more completely coded taxa will have higher leaf stability values by virtue of having lower levels of anatomical uncertainty. To counter this, maximum leaf stability was corrected for taxonomic incompleteness by calculating the residuals of a linear regression between completeness and stability (Fig. 3b,  Extended Data Fig. 10c ). The moving average was calculated by separating taxa (using midpoint of stage age) into 25Myr bins and calculating the average over two consecutive bins. Divergence estimates. Divergence times of the sampled osteichthyan lineages were estimated using the random local clock (RLC) model of molecular evolutionary rate heterogeneity implemented in the computer program BEAST v. 1.8.1 41, 42 . The nucleotide substitution models were partitioned by gene and codon position for the 12nucleargene dataset, as in the MrBayes analysis above. A total of eighteen exponential calibration priors from the fossil record of osteichthyans and chon drichthyans were identified in the RLC analyses. As described in the text, the first divergence time analysis used all calibrations, while the second held all aspects of the analysis constant except for censoring all Palaeozoic-Triassic actinopterygian calibrations. A birth-death speciation prior was used for branching rates in the phylogeny. The BEAST analyses were run ten times and were combined using the computer program LogCombiner v. 1.8.1 (http://beast.bio.ed.ac.uk/logcombiner). Convergence of model parameter values and estimated nodeheights to their optimal posterior distributions was assessed by plotting the marginal posterior proba bilities against the generation state in Tracer v. 1.6. Effective sample size (ESS) values were calculated for each parameter to ensure adequate mixing of the MCMC (ESS > 200). The posterior probability density of the combined tree and log files was summarized as a maximum clade credibility tree using TreeAnnotator v. 1.8.1 (http://beast.bio.ed.ac.uk/treeannotator). The mean and 95% highest posterior density estimates of divergence times and the posterior probabilities of inferred clades were visualized on the using the computer program clth, cleithrum; dsph, dermosphenotic; eb, epibranchial; hh, hypohyal; jug, jugal; la, lachrymal; l.ex, lateral extrascapular; m.ex, median extrascapular; opm, operculum; pb, pharyngobranchial; pq, palatoquadrate; prop, preoperculum; pt, posttemporal; qj, quadratojugal; sop, suboperculum; spcl, supracleithrum; sr, skull roof. Mouldic portion of lower jaw shaded. Other abbreviations and colours as in Fig. 1. Scale bars, 5 mm (a, b, d-g ); 2 mm (c). Fig. 3a) . b, Raw leaf stability plotted against taxon age. Error bars represent s.d. (same data as in Fig. 3a) . c, Residuals from a linear regression of stability against taxon incompleteness, plotted against taxon age (same data as in Fig. 3b ). Taxa identified in Supplementary Table 2 . n/a
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